We study the coupling of localized surface plasmon (LSP) and surface-plasmon polariton (SPP) modes in a system composed of a metallic nanoparticle chain separated from a thin metallic film by a dielectric spacer. The thickness of such a spacer influences the level of interaction between LSP and SPP modes and controls the electromagnetic enhancement in this system. An enhancement with narrow resonances can be observed for appropriate parameters. The high-resonance quality factor and tunability of this system make it a very promising candidate for biosensing and surface-enhanced spectroscopy applications. © 2009 Optical Society of America OCIS codes: 240.6680, 350.4238, 350.4990. During the past few decades the optical response of ensembles of noble metal nanoparticles has been a subject of interest in different fields, from optoelectronics to biophotonics [1, 2] . Single metal nanoparticles exhibit characteristic localized surface plasmon (LSP) modes that depend on different parameters such as the nanoparticle size, composition, shape, and surrounding medium [3] . By placing two or more plasmonic nanoparticles close to each other it is possible to observe the interaction between the modes of each individual nanostructure leading to the formation of new hybrid modes [4] . When several nanoparticles are arranged in a onedimensional (1-D) linear chain, the interaction of the electromagnetic field associated with each single particle can produce several plasmonic chain modes with interesting properties [5] . The local enhancement and the squeezing of the electromagnetic field at the proximity of these metallic chains have been experimentally demonstrated [6, 7] and used to realize extremely thin subwavelength optical waveguides [8, 9] . The behavior of a 1-D metallic nanoparticle chain embedded in homogeneous media has been studied theoretically by Schatz et al. [10] and experimentally verified [11] . This system presents a shift of the resonance wavelength that depends on the chain's parameters, such as the spacing between the nanoparticles, their orientation with respect to the wave vector, and the polarization of the electromagnetic field. In addition, coherent interaction arising from multiple scattering by regularly spaced nanoparticles can result in narrow plasmon resonances and sharp peaks [10, 12] .
During the past few decades the optical response of ensembles of noble metal nanoparticles has been a subject of interest in different fields, from optoelectronics to biophotonics [1, 2] . Single metal nanoparticles exhibit characteristic localized surface plasmon (LSP) modes that depend on different parameters such as the nanoparticle size, composition, shape, and surrounding medium [3] . By placing two or more plasmonic nanoparticles close to each other it is possible to observe the interaction between the modes of each individual nanostructure leading to the formation of new hybrid modes [4] .
When several nanoparticles are arranged in a onedimensional (1-D) linear chain, the interaction of the electromagnetic field associated with each single particle can produce several plasmonic chain modes with interesting properties [5] . The local enhancement and the squeezing of the electromagnetic field at the proximity of these metallic chains have been experimentally demonstrated [6, 7] and used to realize extremely thin subwavelength optical waveguides [8, 9] . The behavior of a 1-D metallic nanoparticle chain embedded in homogeneous media has been studied theoretically by Schatz et al. [10] and experimentally verified [11] . This system presents a shift of the resonance wavelength that depends on the chain's parameters, such as the spacing between the nanoparticles, their orientation with respect to the wave vector, and the polarization of the electromagnetic field. In addition, coherent interaction arising from multiple scattering by regularly spaced nanoparticles can result in narrow plasmon resonances and sharp peaks [10, 12] .
Surface plasmon-polariton (SPP) modes are surface waves confined at a metal-dielectric interface originating from the resonant excitation of the free electrons in the metal [13] . The coupling between LSP and SPP modes displays interesting characteristics, and a dramatic enhancement of the electromagnetic field has been predicted for the case of one single metallic nanoparticle interacting with a metallic substrate [14] . Also, the presence of a metallic substrate at the proximity of a metallic nanoparticle chain can significantly increase the propagation length of the plasmonic modes guided by the chain [15] .
In this Letter, we study numerically the behavior of a metallic nanoparticle chain coupled to a thin metallic film deposited on a silica substrate. Specifically, we show how the interaction between SPP and LSP supported by this system can be tuned by changing the thickness of a silica spacer introduced between the two plasmonic structures. The dispersion curves of both SPP and LSP modes derived from the absorption coefficient of the nanoparticle chain are used to explain the coupling mechanism. Absorption spectra and field distributions evidence an enhancement of the electromagnetic field. Calculations are performed with the Green's tensor method described in [16, 17] .
The system under study consists of a metallic nanoparticle chain separated from a thin gold film by a silica spacer with thickness t (Fig. 1) . A 1-D chain with 100 spherical gold particles (radius, 20 nm; period, 260 nm) is considered. The gold film is 40 nm thick, and the permittivity as a function of the wavelength for both the particles and the film is taken from [18] . The permittivity of silica has been set to ε = 2.25. A p-polarized plane wave illuminates the whole system through the silica substrate, with the projection of the wave vector on the substrate parallel to the chain axis; see Fig. 1 .
The optical response of a simple gold nanoparticle chain lying on a glass substrate is shown in Fig. 2(a) . Owing to the localized character of LSP on finitesized objects, this optical resonance has a nondispersive behavior in the − plane. Here, the resonance exhibits one fundamental peak around = 513 nm.
The typical SPP dispersion curve appears when the stratified layer consisting of a silica spacer, and a thin gold film is placed under the nanoparticle chain. Such a dispersion curve can be shifted toward longer wavelengths by varying the thickness of the silica spacer, similarly to the wavelength shifts observed in other surface wave phenomena [19] . When the resonances of both SPP and LSP modes occur at the same wavelength, the strong interaction between these two modes gives rise to an enhancement of the electromagnetic field. In Fig. 2 it is possible to observe the influence of the silica spacer thickness on the crossing point of the two modes. In the case of a very thin spacer ͑t =5 nm͒ this interaction is clearly visible on the absorption map in Fig. 2(b) : The coupling between both modes taking place in the broad region around = 45°is a direct consequence of the excitation of LSP modes on the chain by the SPP mode propagating at the upper gold-silica interface.
The dispersion curve of the SPP shifts toward lower wavelengths when the thickness of the silica spacer increases; compare Figs. 2(b) and 2(d). Hence, the coupling strength between SPP and LSP modes changes with the thickness t. The maximal coupling is observed for t = 200 nm and = 42°, as shown in Fig.  2(c) . This maximum coupling produces an enhancement and narrowing of the resonance peak. In contrast, Fig. 2(d) shows the behavior of a weakly coupled system, where the interaction between the chain and the substrate is reduced: The dispersion curve of the SPP is clearly visible and nearly unchanged by the particle chain, the amplitude of its resonance peak not differing significantly from the case of a chain lying on a simple glass substrate. Figure 3 shows a comparison between the resonance of a gold nanoparticle chain placed in different environments: a homogeneous dielectric medium (air, ε air = 1), a semi-infinite silica substrate, and finally a stratified SiO 2 -Au-SiO 2 substrate (200 nm SiO 2 spacer). The latter two cases correspond to the situations shown in Figs. 2(a) and 2(c) , respectively. The interaction between SPP and LSP modes induced by the presence of a thin gold film produces a spectral shift ͑ϳ20 nm͒, together with a narrowing and an enhancement of the resonance peak.
Furthermore, it is possible to estimate such an enhancement by looking at the intensity of the electromagnetic field for these different geometries. In Fig.  4 the cases of a plasmonic chain lying on top of a semi-infinite silica substrate and on a stratified SiO 2 -Au-SiO 2 substrate are considered: For clarity's sake, only the field profiles calculated above the two central particles of the chain are shown. An enhancement factor of Ӎ2.5 is observed: This phenomenon is due to the direct excitation of LSP chain modes by SPP modes, resulting in a considerable increase of the electromagnetic field in the proximity of the metallic nanoparticle chain. Field maxima are located close to the nanoparticles' surface, as outlined in [6] .
Sharp resonance peaks at different positions can thus be observed by varying the geometrical parameters of such a system. Such control over the LSP-SPP coupling phenomenon can be exploited for specific applications, where the spectral response of the system can be tuned to engineer, e.g., hot sites for surface-enhanced spectroscopy. All these features render this system extremely promising for the development of reliable and ultrasensitive biochemical sensors [20] .
In conclusion, in this Letter we have studied the coupling between LSP and SPP modes in a system composed of a gold particle chain coupled to a thin gold film. We have demonstrated that the field enhancement as produced by LSP on periodic arrangements of metallic nanoparticles can be increased by exploiting a concurrent excitation of SPP. Sharp resonance peaks and electromagnetic enhancement have been observed, leading to a highly tunable system for biosensing and surface-enhanced spectroscopy. We believe that such an enhancement might be further improved by using 1-D photonic crystals as a substrate in place of the gold film. We argue that the high-intensity surface modes [21] sustained by 1-D photonic crystals can represent an additional way for boosting the nanoparticle chain resonance factor. 
